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Surface polariton mediated near-field radiative transfer exceeds the blackbody 
limit by orders of magnitude and is quasimonochromatic. Thermophotovoltaic (TPV) 
power generation consists of converting thermal radiation into useful electrical energy 
and exhibits a peak performance near the TPV cell bandgap, which is typically located 
within the near infrared bandwidth. Therefore, an ideal emission source for a nanoscale 
gap TPV device, in which the emitter and cell are separated by no more than one peak 
emitted wavelength, will sustain surface polariton resonance at or near the TPV cell 
bandgap in the near infrared. To date, few materials have been identified that satisfy this 
requirement. 
The first objective of this dissertation is to theoretically explore dielectric Mie 
resonance-based (DMRB) electromagnetic metamaterials for the potential to sustain near 
infrared surface polariton resonance. Electromagnetic metamaterials are composite 
media, consisting of subwavelength, repeating unit structures called “meta-atoms.” The 
microscopic configuration of the meta-atom can be engineered, dictating the effective 
macroscale electromagnetic properties of the bulk metamaterial, including the surface 
polariton resonance wavelength. DMRB metamaterials consist of dielectric nanoparticles 
within a host medium and are analyzed using an effective medium theory. The local 
density of electromagnetic states, an indicator of possibly harvestable energy near an 




1) silicon carbide, and 2) silicon embedded in a host medium. Results show that the 
surface polariton resonance of these metamaterials is tunable and, for the silicon 
metamaterial only, is found in the near infrared bandwidth, making it a viable candidate 
for use in a nano-TPV device. 
In order to demonstrate the practicality thereof, the second objective is to 
fabricate and characterize DMRB metamaterials. Specimens are fabricated by hand 
mixing and sonicating nanoparticles with two part epoxy resins. Transmission 
measurements of the specimens reveal divergence from the theoretical predictions. 
Microscopic inspection suggests insufficient nanoparticle dispersion within the host resin 
medium. All results indicate that enhanced fabrication techniques must be developed to 
improve nanoparticle dispersion in DMRB metamaterials prior to further electromagnetic 
characterization. 
The lack of success with the second objective drives a third: theoretically explore 
various forms of indium tin oxide (ITO) for the potential to sustain near infrared surface 
polariton resonance. ITO is an electron doped metallic oxide, the electromagnetic 
properties of which depend highly on the fabrication process, that has been shown to 
exhibit surface polariton resonance in the near infrared. Analyses similar to those 
performed under the first objective are performed on ITO. Results indicate that ITO 
indeed exhibits near infrared surface polariton resonance, making it a viable candidate for 
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1.1 Fundamentals of Near-Field Radiative Heat Transfer and   
                Its Application to Nanoscale Gap Thermophotovoltaic 
 
When a body is heated, it produces electromagnetic waves, some of which 
propagate from the heated surface. This form of energy transfer is the traditional view of 
radiative heat transfer, and is limited by the Planck blackbody distribution [1,2]. Other 
evanescent, electromagnetic waves that can contribute to energy exchange do not 
propagate away from the heated surface; instead, they propagate only along the surface, 
i.e., they fully decay within approximately one dominant emitting wavelength from the 
surface. Therefore, evanescent exchange may only occur when the heated body is within 
one wavelength from another body, as defined by Wien’s law maxT = 2898 mK, 
where max is the dominant emitting wavelength and T is the temperature [1]. Evanescent 
waves may be sustained along the outer surface of a heated body when propagating 
waves, generated within said body, attempt to exit at an incident angle greater than the 
critical angle defined by Snell’s law: cr = arcsin(n2/n1) with n1 and n2 as the refractive 
indices of the heated body and the surrounding medium, respectively [3]. Evanescence 
may also be sustained by the mechanical oscillations of electric dipoles such as free 
electrons in surface plasmon-polaritons (SPPs) and transverse optical phonons in surface 






Figure 1.1. Wave modes at an emitter-vacuum interface. 
on both sides of the heated surface. Energy exchange due to evanescent wave modes may 
result in exceeding the blackbody limit. 
The three types of electromagnetic wave modes that occur at the outer surface of a 
heated body are shown in Figure 1.1: transmission (propagating waves on both sides of 
the interface), total internal reflection (propagating waves within and evanescent waves 
outside of the body), and SPs (evanescent waves on both sides of the interface). Since 
evanescent waves exert an influence within approximately one dominant wavelength 
from the surface of the heated body and thermal radiation principally occurs in the near 
infrared, the tunneling of thermally generated evanescent waves may only occur when 
separated from an absorbing body by distances on the order of 100 nm or less. 
Thermal radiation is in the near field when the contribution of evanescent modes 
is significant, i.e., exchanging bodies are within approximately one dominant emitting 
wavelength. Traditional thermal radiation analysis techniques – based on Planck’s 
framework [1,2] – are not applicable in this regime. Instead, fluctuational 
electrodynamics is employed to model near-field thermal radiation [1,2,5–8]. An example 





demonstrated in Figure 1.2, where the heat flux between two bulks of intrinsic silicon (Si) 
at differing temperatures is charted as a function of the vacuum separation gap distance d. 
As d decreases to 10 nm, the predicted net radiative flux increases to over 11 times that of 
the blackbody limit and 20 times that due to propagating modes. 
Intrinsic Si cannot sustain SPs; therefore, the aforementioned energy exchange 
enhancement is due solely to total internal reflection. When SPs are sustained, the energy 
exchange between two bodies is even greater. Figure 1.3 compares the spectral radiative 
transfer between two bulks of Si, between two bulks of silicon carbide (SiC), and 
between two blackbodies. In all cases, the bulks are separated by vacuum at a distance of 
150 nm and the temperatures of the two bulks are 300 and 500 K. The Si spectrum is 
relatively broadband whereas that of the SiC is nearly monochromatic, an artifact of 
SPhP-mediated energy exchange. The SPhP-mediated radiative transfer between two SiC 
bulks is an order of magnitude greater than between two blackbodies and more than 30% 





greater than between two intrinsic Si bulks. 
Whale and Cravalho [9,10] were the first to propose that near-field thermal 
radiative effects be utilized in a thermophotovoltaic power generation cell by placing the 
emission source within a dominant emitting wavelength of the absorber, thus originating 
the nano-TPV system. Thermophotovoltaic cells absorb incoming radiation – optimally at 
the bandgap wavelength, which is typically in the near infrared (NIR) – and convert it to 
useful electricity [9,10]. 
Since they approach optimal performance when absorbing radiation at the cell 
bandgap, nano-TPV systems may undergo significant performance increases with a NIR 
radiation source [11,12]. Such a material requires specific electromagnetic – or thermal 
radiative – properties that are not found in naturally occurring materials. Researchers 
have recently explored the manipulation of thermal radiative properties, primarily various 
Figure 1.3. Spectral radiative heat flux q between two Si bulks, between two SiC bulks, 





combinations of layered films [13–18]. This method relies heavily on the limited inherent 
electromagnetic properties of the materials involved, consequently limiting the control 
they offer over thermal radiative properties. 
1.2 Application of Electromagnetic Metamaterials in the 
Manipulation of Thermal Radiative Emission  
Metamaterials are composite man-made media that demonstrate exotic 
electromagnetic – and, hence, thermal radiative – properties that are not found in 
naturally occurring materials. For example, some metamaterials exhibit negative 
refractive index while others, consisting solely of nonmagnetic media (relative magnetic 
permeability is unity), exhibit effective permeabilities greater or less than one. 
Metamaterials consist of subwavelength, repeated unit structures termed “meta-atoms,” 
the geometry and constituents of which drive the macroscale effective electromagnetic 
properties of the medium. With current micro and nanoscale fabrication techniques, the 
configuration of meta-atoms is readily controlled, paving the way for engineering thermal 
radiative properties of materials. Efforts to tune thermal emission using metamaterials 
have involved the study of a number of different configurations including photonic 
crystals [19], gratings [20], rod-like structures [21], and split-ring resonators [22,23]. 
The meta-atoms in dielectric Mie resonance-based (DMRB) metamaterials are 
dielectric inclusions, e.g., spheres, cylinders, or cubes, embedded in a dielectric host 
medium [24]. A few of the advantages of employing this type of metamaterial in thermal 
applications are: fabrication that is potentially inexpensive and easily scaled to the 
dimensions of a practically sized thermal system; isotropic electromagnetic response; and 
low losses. Since most of the parameters that define Mie meta-atoms can be manipulated 





with DMRB metamaterials. Wheeler et al. [25] were the first to fabricate a three-
dimensional macroscale DMRB metamaterial, which consisted of SiC particles within a 
potassium bromide host medium. They observed electric and magnetic dipole resonances 
in their metamaterial specimens using spectroscopy that agreed well with theoretical 
predictions. 
1.3 Objective and Organization of the Dissertation 
As mentioned in Section 1.1, to optimize the performance of nano-TPV devices, it 
is crucial that a nearly monochromatic NIR emission source be established. Therefore, 
the overarching goal of this PhD research project is to theoretically and experimentally 
explore material(s) for potential to sustain near infrared SP resonance. Pursuant to this 
goal, the results of the dissertation are divided into three objectives, which are described 
below. 
The first objective of this dissertation is to theoretically explore the capability of 
DMRB metamaterials to sustain near infrared SP resonance. In the near field, SP 
mediated thermal radiative exchange is quasimonochromatic and exceeds the far-field 
blackbody distribution by orders of magnitude [1,26]. The SP resonance frequency 
depends entirely on the electric permittivity and magnetic permeability of a material. 
Francoeur et al. [27] performed the first theoretical near-field thermal analysis of DMRB 
metamaterials. They calculated radiative heat flux between metamaterials consisting of 
SiC spheres within a host medium of potassium bromide and were the first to show the 
tunability of near-field thermal radiative properties by adjusting the design parameters of 
meta-atoms. 





medium theory, the Clausius-Mossotti mixing relation [28], which is used to approximate 
the microscopically discrete composite mixture as a macroscopically homogeneous, 
isotropic medium. Commensurate with this theory is the assumption that the dimensions 
of the meta-atom are much smaller than the wavelength of interest. As this assumption 
becomes less valid, i.e., meta-atom dimensions approach the dominant emitting 
wavelength, conclusions drawn from the effective medium results are weakened. Since 
the geometric extent of the near field (hundreds of nanometers) is on the order of the size 
of the meta-atom, a similar lack of confidence is inherent to the conclusions related to the 
radiative heat flux calculations. Additionally, researchers have questioned the validity of 
effective medium theory in near-field calculations [29–32]. 
The typical approach for analyzing near-field thermal phenomena is to calculate 
the radiative heat flux between two bulks of the material of interest [23,27,33–35]. Heat 
flux can differ greatly with changes to the material receiving the radiative flux. The local 
density of electromagnetic states (LDOS) quantifies the energy that is potentially 
harvestable from an emitting surface, independent of the receiving material. Therefore, 
Chapter 2 outlines the analysis of the same metamaterial as described by Francoeur et al., 
in addition to another that has been analyzed thermally by Joulain et al. [33], by 
calculating the LDOS instead of the heat flux. As a result, the LDOS equation is derived 
for arbitrarily magnetic media. Additionally, a SP dispersion relation analysis technique 
is developed that accounts for losses in the emitting medium, as all other similar analyses 
to that point have been performed assuming no losses. This chapter was published in 
Photonics and Nanostructures: Fundamentals and Applications in 2013 [36]. 





metamaterials can be engineered, the metamaterials explored therein are not optimal for 
nano-TPV devices. Namely, they do not provide monochromatic emission in the NIR. In 
Chapter 3, another DMRB metamaterial is explored with the intent to remedy this 
deficiency. An analysis is conducted on a Si DMRB metamaterial to determine the 
sensitivity of a few meta-atom design parameters on SP resonance frequencies. These 
metamaterials show near-field thermal radiative properties that better qualify them for 
potential nano-TPV device application than those studied in Chapter 2. Also in Chapter 3, 
a technique is proposed for the fabrication of DMRB metamaterials. The contents of 
Chapter 3 were published in the Journal of Quantitative Spectroscopy and Radiative 
Transfer in 2013 [37]. 
In spite of, but not to detract from, the importance of theoretically exploring the 
potential application of DMRB metamaterials in nano-TPV systems, it is crucial that 
these materials also be analyzed experimentally. Therefore, the second objective of this 
dissertation is to demonstrate the fabrication and characterization of this type of 
metamaterial. Chapter 4 is a summary of experimental results for some DMRB 
metamaterials. Metamaterial specimens were fabricated by mixing dielectric 
nanoparticles into two part, room temperature curing epoxy resins. The fabrication 
process for these metamaterials evolved as transmission measurements were compared 
with theoretical calculations, each fabrication attempt revealing an additional level of 
scrutiny essential for the successful fabrication of a DMRB metamaterial with NIR SP 
resonance. 
With the evident difficulty of fabricating the type of metamaterials analyzed 





exploring the capability of another material for the potential of sustaining NIR SP 
resonance. Indium tin oxide (ITO) is a naturally occurring material, the electromagnetic 
properties of which are heavily dependent on the fabrication method [38]. An analysis 
similar to that described in Chapter 3 is detailed in Chapter 5 and ITO is shown to be an 
adequate candidate for use in nano-TPV devices, with careful attention to the fabrication 
process. The contents of Chapter 5 will be submitted for publication in a technical 
journal. 
Finally, Chapter 6 summarizes the findings of this dissertation. 
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CHAPTER 2 
NEAR-FIELD THERMAL EMISSION FROM METAMATERIALS 
Photonics and Nanostructures – Fundamentals and Applications (2013) 11, 167–181. 
Near-Field Thermal Emission from Metamaterials. S.J. Petersen, S. Basu, M. Francoeur. 















































































TUNING NEAR-FIELD THERMAL RADIATIVE PROPERTIES 
BY QUANTIFYING SENSITIVITY OF MIE RESONANCE- 
BASED METAMATERIAL DESIGN PARAMETERS 
Journal of Quantitative Spectroscopy and Radiative Transfer (2013) 129, 277–286. 
Tuning Near-Field Thermal Radiative Properties by Quantifying Sensitivity of Mie 
Resonance-Based Metamaterial Design Parameters. S.J. Petersen, S. Basu, B. 
Raeymaekers, M. Francoeur. © Owned by authors, published by Elsevier, 2013. With 


















































FABRICATION AND CHARACTERIZATION OF THREE- 
DIMENSIONAL MACROSCALE DIELECTRIC MIE 
RESONANCE-BASED METAMATERIALS 
In pursuit of realizable dielectric Mie resonance-based (DMRB) metamaterials, 
researchers have proposed and employed numerous methodologies. Wheeler et al. [1] 
were the first to fabricate a three-dimensional (3D) macroscale DMRB metamaterial. 
They fabricated their samples by compressing a mixture of silicon carbide and potassium 
bromide pellets and characterized the diffuse reflectance thereof with a Fourier transform 
infrared (FTIR) spectrometer. Both electric and magnetic dipole resonances were 
observed in the diffuse reflectance results (at 0.10–0.12 eV and ~0.10 eV, respectively). 
Engineering metamaterials manufactured with this process are limited to material 
combinations with such cohesive and adhesive properties as to ensure the compressed 
pellet mixture will be structurally resilient. 
Ginn et al. [2] and Liu et al. [3] fabricated metamaterials consisting of a single 
layer of frustum-shaped Mie resonance-based 2-m tellurium resonators using electron 
beam lithography. They characterized their metamaterials with hemispherical directional 
reflectometer measurements, which indicated electric resonances at ~0.13–0.17 eV and 
magnetic resonances at ~0.11–0.16 eV. The metamaterial characterized by Moitra et al. 





substrate, also fabricated by electron beam lithography. The measured spectral 
reflectance indicated electric resonances between 0.62 and 0.99 eV and magnetic 
resonances between 0.55 and 0.99 eV. Valentine et al. [5] fabricated an optical cloak 
comprised of a single layer of 110-nm holes in a silicon slab. The holes were machined 
using focused ion beam milling. Due to the large cost and time requirements of these 
fabrication techniques, assembling more than a few layers of these metamaterials will 
prove difficult, falling short of a 3D DMRB metamaterial, where dimensions in the three 
principle directions are of the same order of magnitude. 
Within the existing literature, researchers have attempted to successfully prove a 
fabrication concept of a 3D DMRB metamaterial. Existing methodologies include 
limitations such as restricted material selections or fabrication in only two principal 
directions. Inasmuch as within the previous three chapters of this dissertation is outlined 
the successful theoretical application of DMRB metamaterials in nanoscale gap TPV 
(nano-TPV) devices, it is crucial that this technology be demonstrated in reality. Hence, 
the purpose of this chapter is to describe and review the results of a proposed fabrication 
technique for these materials. 
The fabrication techniques explored in this effort were incrementally developed 
and intermingled with periodic experimental results. The development of the fabrication 
process, each step stemming from the predecessor thereof, is described and discussed 





4.1 Experimental Characterization and Theoretical Calculations 
Metamaterial samples were characterized by quantifying spectral normal 
transmission. The general test configuration for measuring transmission is shown in 
Figure 4.1. 
Measured spectral transmission was compared with theoretical spectra to validate 
the predictive capability of the mixing equations and/or the metamaterial fabrication 
technique. Predictions were made with Equation (2.10) and a simplified form of the 
single layer transmittance T̅1 equation [6], averaged over the two polarizations  
(transverse magnetic (TM) and transverse electric (TE)),  
Figure 4.1. General test configuration for measuring metamaterial sample transmission. 
The metamaterial sample – of thickness t1 – is surrounded by air. Light intensity is 
measured prior to entering and again after passing through the sample. The transmission 












tikzettT  (4.1) 
where tij is the  polarized Fresnel transmission coefficient at the i-j interface. Subscripts 
0 and 1 represent the air and the metamaterial, respectively. Hence, kz1 is the normal 
component of the wavevector in the metamaterial and t1 the thickness of the sample. The 


























where kzi is the parallel component of the wavevector and i the relative electric 
permittivity, both in medium i. Both media are assumed nonmagnetic, i.e., the magnetic 
permeability is equal to 1. The simplified form of the transmittance equation, used for 
these calculations, is only applicable when the thickness of the specimen is much larger 
than the vacuum wavelength of interest, which is the case for all specimens described 
herein. For normal incidence, transmission is equal to the square of the magnitude of the 
transmittance and is related to the energy in the beam, a real quantity, while transmittance 
is related to the field, a complex quantity. 
4.2 Fabrication 
As a first step towards developing a realizable manufacturing process for 3D 





combinations of commercially available dielectric particles and adhesives. One purpose 
for selecting such a technique is to obtain 3D DMRB metamaterials in which particles are 
dispersed randomly three-dimensionally within the medium; another is to produce 
macroscale (~1 cm × 1 cm × 1 cm) metamaterial samples for potential use in real 
engineering devices. Particles consisted of silicon, silica, germanium, graphite, and 
alumina, some of which were spherical, while others were randomly shaped, e.g., 
sandpaper grit, ranging in size from 70 to 1000 nm. Analytical predictions, using 
Equations (4.1)–(4.3), indicated that such particles would result in a measureable 
reduction – the size of which depending on the particle volume fraction – to the baseline 
spectral transmission of epoxy adhesives. 
Particles were mixed with multiple two part epoxies, i.e., Smooth-Cast® 300 and 
310 liquid plastics and EpoxAcast® 690 epoxy, clear polyester, marine vinyl ester, water 
clear surfboard, and EPO-TEK® 301-1 epoxy resins, all of which are visually 
semitransparent. The 3D DMRB metamaterial samples were then analyzed using a 
UV/VIS/NIR spectrophotometer, a Fourier transform infrared (FTIR) spectrometer, 
and/or a scanning electron microscope (SEM). 
The fabrication process initially employed to fabricate the 3D DMRB 
metamaterials was to hand mix the particles into a premixed two part epoxy. Each 
combination was hand mixed until uniformly dispersed, by visual inspection, and then 
poured into a plastic cup, where the epoxy was allowed to cure (see Figure 4.2a). The 
particle volume fraction was controlled; the amount of particles added to the uncured 
resin was selected to result in a visually distinguishable range of volume fractions for the 





~2.5 and 7.6 mm, some of which are shown in Figure 4.2b. 
4.3 Characterization 
Samples of similar constituency and geometry were analyzed and compared with 
an OLIS-modernized Cary 14 (UV/VIS/NIR spectrophotometer) to quantify any change 
in normal transmission with respect to the corresponding baselines, i.e., empty epoxies 
(no particles). Any agreement with corresponding predicted transmission values would 
reflect the uniformity of samples due to the hand mixing process. Since the measurements 
were taken in air, the first necessary step for using the spectrophotometer was to establish 
a baseline transmission spectrum. Without a sample in the spectrophotometer chamber, a 
transmission spectrum was averaged over n measurements at each vacuum wavelength. 
Using this spectrum as a baseline, another transmission spectrum was measured with an 
Figure 4.2. a) Initial fabrication procedure for DMRB metamaterials: 1) particles are 
combined with uncured liquid resin; 2) components are hand mixed; 3) hand mixing is 
repeated until mixture is uniform; 4) resin is cured. b) Samples fabricated by hand mixing 
alumina particles in marine vinyl ester resin (left) and graphite particles in EPO-TEK 







empty chamber, averaged over n measurements. If the latter spectrum deviated by no 
more than 1% from zero, the former was kept as the baseline. Otherwise, n was increased 
and the process repeated until the magnitude of the latter was no greater than 1%. A 
baseline spectrum was collected for each set of transmission measurements taken after 
powering the spectrophotometer. 
After obtaining an acceptable baseline spectrum, transmission spectra were 
measured for material samples. A sample was placed in the spectrophotometer and a 
number of transmission measurements taken at each vacuum wavelength, of which the 
averages were recorded. A second spectrum was measured with a larger number of 
measurements at each wavelength. If the change in transmission (between the first and 
second spectra) was less than 1% over the entire bandwidth, the second spectrum was 
accepted as the final result. Otherwise, spectra were repeatedly measured, each with an 
increasing number of measurements, until a 1% convergence was reached, at which point 
the spectrum corresponding with the largest sample size was considered the final result. 
Transmission results for 100-nm silicon particles in an epoxy resin are shown 
along the ordinate in Figure 4.3 over a near infrared bandwidth of 0.62–1.55 eV on the 
abscissa, where transmission is defined as the ratio of the measured sample incoming to 
outgoing light intensities. 
The transmission data shown in Figure 4.3 intuitively indicate that increasing the 
volume fraction generally reduces the transmission. However, significant variation in 
transmission is apparent for nearly identical samples (F = 1.61×10−4 (#1 and #2)). 
Therefore, it was presumed that either the surfaces were excessively rough, the particles 





samples consisting of other particle materials and sizes. 
In the following set of metamaterial samples, for increased particle dispersion, 
hand mixing was alternated with a sonication step until the particles were uniformly 
dispersed within the epoxy resin. To focus on improving the fabrication process, these 
samples were comprised solely of the 100-nm silicon particles in the EPO-TEK 301-1 
epoxy resin. Sonication was performed using a Branson 250 (digital sonifier) at 73% 
power level. To decrease the surface roughness, samples were cured in plastic molds (see 
Figure 4.4). Resulting near infrared transmission measurements for 100-nm silicon 
particles embedded in resin are compared to theoretical predictions in Figure 4.5. 
With respect to Figure 4.3, the intuitive trend of decreasing transmission with 
Figure 4.3. Spectrophotometer transmission results for hand mixed metamaterial samples 
consisting of 100-nm silicon particles and EPO-TEK 301-1 epoxy resin. Volume fraction 
varies between 0 and 9.1×10−4. Solid lines indicate measurement uncertainty bounds. 





increasing volume fraction is more clear and consistent in Figure 4.5. The improved 
processing, i.e., sonication and mold fabrication, also indicate better repeatability for 
transmission through nearly identical samples. However, measured transmission data 
were contradictory to the predictions. Yet more samples were fabricated with the same 
process as described above. The resulting near infrared transmission data were measured 
with a second instrument (Thermo Fisher Scientific Nicolet™ iS™50 (FTIR 
spectrometer)) to confirm previously seen disagreement with predictions (see Figure 4.5). 
A comparison of these data with those from the spectrophotometer and the predicted 
spectrum for the larger volume fraction is shown in Figure 4.6.  
Figure 4.4. a) Final fabrication procedure for DMRB metamaterials: 1) particles are 
combined with uncured liquid resin; 2) components are hand mixed; 3) mixture is 
sonicated; 4) and 5) mixing and sonication are repeated until mixture is uniform; 6) 
mixture is deposited into mold and cured. b) Photograph and schematic of DMRB 
metamaterial sample: 1) approximate width and thickness (inset) of sample; 2) magnified 







Figure 4.5. Spectrophotometer transmission results for hand mixed/sonicated 
metamaterial samples consisting of 100-nm silicon particles and EPO-TEK 301-1 epoxy 
resin. Volume fraction varies between 0 and 8.8×10−4. Solid lines indicate measurement 
uncertainty bounds (visually undiscernible since uncertainty is approximately 0.001). 






 As can be seen in Figure 4.6, decreasing transmission with increasing volume 
fraction trends are observed by both instruments; however, spectra are markedly different 
between the instruments for the same samples. The effect of volume fraction on 
transmission is greater in the FTIR. Neither instrument measured transmission data that 
agree with predictions. It was presumed that the reason for such disagreement between 
predicted and measured transmission is still insufficient particle dispersion. 
Nonuniformity in the samples, due to the presumed lack of dispersion, was blamed for 
the difference between the spectrophotometer and FTIR measurements; i.e., the 
transmission data were likely measured at different locations on the samples with each 
instrument. Further efforts were directed toward examining more closely the state of the 
particles within the cured epoxy resin. 
Figure 4.6. Spectrophotometer and FTIR transmission results for hand mixed/sonicated 
metamaterial samples consisting of 100-nm silicon particles and EPO-TEK 301-1 epoxy 
resin compared to the prediction. Volume fraction varies between 0 and 4.0×10−4. Sample 






4.4 Particle Dispersion 
Reindl [7] showed that silicon particles exhibit substantial dispersion in toluene 
with fish oil as a surfactant. The following set of metamaterial samples was made 
following procedures from above, with an added quantity of supermarket fish oil. With 
the sole intent of observing the configuration of the silicon nanoparticles within the resin 
matrix, the samples were dissected and then observed in an FEI Quanta 600 FEG (SEM). 
One of the resulting scanning electron micrographs is shown in Figure 4.7. 
Figure 4.7 illustrates that the fish oil surfactant did not sufficiently disperse the 
silicon particles within the epoxy matrix. Particle agglomerates (such as the one seen in 
this micrograph) are still maintained at up to ~5 m in size. These results drove 
conversations with personnel at the Utah Nanofab facility at the University of Utah, an 
expert in the field of particle dispersion, Paulo Perez [8]. His recommendation for 
Figure 4.7. Scanning electron micrograph of 100-nm silicon particles in epoxy medium at 
a) 800X and b) 10,511X magnifications. Red box in a) indicates higher magnification 
region shown in b). Particles were unsuccessfully dispersed by sonication and hand 






increasing the dispersion of the silicon particles in the metamaterial samples was to 
employ methanol as a surfactant. The silicon particles were added to a solution of toluene 
and methanol, sonicated, and deposited on glass slides. After evaporation of the solution, 
scanning electron micrographs were captured of the particles on the glass slides, one of 
which is shown in Figure 4.8. 
The incorporation of methanol as a surfactant did not, with respect to the fish oil 
surfactant, improve the silicon particle dispersion as can be seen in Figure 4.8. The 
smaller, ~100-nm particles that occupy the majority of the micrograph are tightly 
grouped around a larger particle, a condition prevalent along the entire glass substrate. A 
lack of particle dispersion may have resulted in a significant difference between 
measured and predicted transmission values for these metamaterials. 
Figure 4.8. Scanning electron micrograph of 100-nm silicon particles on a glass substrate. 







After significant efforts, it was determined that a viable fabrication process for 3D 
DMRB metamaterials will require substantial further effort, beyond the funding 
availability of the author. Metamaterial samples were initially fabricated by hand mixing 
two part epoxy resins with commercially available nanoparticles. Transmission 
measurements were inconsistent and markedly different from predictions. To increase the 
quality of the samples, sonication was added to the manufacturing process for better 
particle dispersion and the epoxy resin was cured in plastic molds to decrease surface 
roughness. Transmission measurements became more consistent, but continued to 
diverge from predictions. Using SEM microscopy, a thorough investigation of surfactants 
showed that significant effort remains for ensuring adequate particle dispersion. The poor 
particle dispersion likely prevented measured transmission values from agreeing with 
those predicted for 3D DMRB metamaterials. Therefore, to further the development of a 
viable fabrication process for 3D DMRB metamaterials, it is crucial that a deep 
understanding of dispersion and particle-resin interaction be obtained, an effort beyond 
the scope of this PhD research project. 
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  CHAPTER 5 
NEAR-FIELD THERMAL EMISSION DUE TO SURFACE 
POLARITON RESONANCE FROM AN INDIUM TIN 
OXIDE BULK IN THE NEAR INFRARED 
5.1 Introduction 
Significant emphasis has been placed on the development of renewable energy 
source technologies that are both efficient and inexpensive [1]. Since it involves the 
conversion of waste thermal energy into useful electric current in a thermophotovoltaic 
(TPV) cell, TPV power generation has become a strong candidate as a viable low cost, 
highly efficient renewable energy source [2]. A system exchanging thermal radiative 
energy is said to be in the near-field regime when the separation distance between the 
radiator and the receiver is less than the dominant emitting wavelength, i.e., Wien’s 
wavelength [3–11]. Blackbody limit can be exceeded by orders of magnitude in this 
regime due to evanescent wave tunneling. Additionally, in the near-field regime, 
considerable, nearly or “quasi” monochromatic, energy transfer may result from 
resonant evanescent waves termed surface polaritons (SPs) [12,13]. Therefore, relative 
to the classical TPV system, a nanoscale gap TPV (nano-TPV) system can markedly 
increase electrical energy generation by exploiting these phenomena. Both theoretical 
[14–21] and experimental [22–24] explorations have shown this enhanced radiative 
exchange at small scales. However, inherent limitations of the nano-TPV design have 





TPV cell (typically ~0.7 eV (1.8 m), within the near infrared (NIR), which is typically 
between 0.5 and 1.5 eV) results in thermal losses by absorption into the lattice and free 
carriers since it is insufficient to generate electron hole pairs and, hence, electric current. 
Conversely, radiation energy greater than the bandgap will result in thermalization and 
nonradiative recombination of electron-hole pairs that result in thermal losses. Such 
inherent limitations to the TPV concept beg for a NIR quasimonochromatic radiation 
source to optimize highly efficient nano-TPV devices. 
Ilic et al. [25] analyzed the spectral tunability of surface phonon polaritons – a 
type of SP that is generated by a phonon – induced heat exchange with variable 
manufacturing parameters of graphene. Biehs et al. [26], Joulain and Henkel [27], Ben-
Abdallah et al. [28,29], Francoeur et al. [30–32], and Fu and Tan [33] showed that SP 
driven monochromatic emission is also tunable by varying combinations of thicknesses 
and compositions in layered media. Rodríguez et al. [34] explored the prospect of tuning 
near-field radiative emission with photonic crystals by varying surface geometry. None 
of these materials exhibited monochromatic emission in the NIR. 
Electromagnetic metamaterials are artificial media exhibiting exotic properties 
not found in naturally occurring materials [35,36]. Mie resonance-based metamaterials 
consist of subwavelength repeating units called “meta-atoms,” which entail a nearly 
spherical particle (aspect ratio near unity) surrounded by a host medium.  Results from 
Chapter 3 [37] were the first to demonstrate the tunability of NIR SP resonance in 
dielectric Mie resonance-based metamaterials, in which a spherical particle in the meta-
atom is comprised of silicon. Resonance in the silicon Mie resonance-based 





However, these materials do not exist in nature and, as described in Chapter 4, the 
fabrication thereof is not straightforward. 
West et al. [38] showed that a promising naturally occurring material manifesting 
NIR monochromatic emission is indium tin oxide (ITO). However, the electromagnetic 
properties thereof – plasma frequency p, damping coefficient , and infinite 
permittivity ∞, when employing the Drude model – which determine the spectral 
location of the surface plasmon polariton (SPP) resonance, are heavily dependent on the 
fabrication process. Numerous researchers have experimentally demonstrated this 
dependence, results of which are summarized in Table 5.1. 
Other researchers have theoretically shown the variability of ITO 
electromagnetic properties with fabrication parameters. Using Density Functional 
Theory, Brewer and Franzen [50], for high temperatures (6300 K), predicted the ITO 
ħp to be between 0.48 and 5.12 eV by varying the Sn doping level and between 2.66 
Table 5.1. Fabrication process dependent electromagnetic properties of ITO. 
Author(s) Fabrication Method ħ p (eV) ħ  (eV)  ∞
Fan and Bachner [39] Sputtered 0.77 0.08 4.5
Ohhata and Yoshida [40] and 
Yoshida [41]
Sputtered 0.71 0.12 4.0
Ohhata et al. [42] Sputtered - - 2.8−4.0
Hamberg and Granqvist [43] E-beam Evaporation 0.22−0.90 0.20 -
Brewer and Franzen [44] Commercially Available 1.82−2.13 0.09−0.16 -
Solieman and Aegerter [45] Sputtered 1.87 0.07 -
Rhodes et al. [46] Self Assembled Monolayer 1.08 - -
Sputtered 1.87 0.07 -
Spin Coated 1.58 0.18 -
Michelotti et al. [48] Commercially Available 1.91 0.12 -
Mendelsberg et al. [49] Commercially Available 1.65−1.74 - -





and 2.87 eV by varying the lattice parameter of In28Sn4O48. For a baseline comparison, 
ħp for In28Sn4O48 at 300 K was predicted to be 1.24 eV, indicating the additional 
potential effect of temperature on the electromagnetic properties of ITO. Later, Franzen 
[51], using a standard Drude model, calculated ħp for ITO to be 2.19 eV. 
The objective of the chapter described herein is to explore the tunability of the 
electromagnetic properties of ITO that drive near-field radiative energy exchange 
phenomena. By engineering plasma frequency, damping coefficient, and infinite 
permittivity, all of which depend on the ITO fabrication process, the spectral location of 
the SPP resonance can be tuned to occur within the NIR bandwidth. The ITO analyzed 
falls within the population observed in the literature and, hence, the properties of which 
are bounded by those listed in Table 5.1. A sensitivity analysis is performed to 
enumerate the effects of varying these properties on the SPP resonance of ITO. Local 
density of electromagnetic states (LDOS), SPP dispersion relation, and energy density 
analyses are performed on selected ITO configurations to more fully explore the 
sensitivity analysis results. 
This chapter is structured as follows. The physical and mathematical 
configuration of the problem is first described. In the results section, stemming from the 
sensitivity assessment, two ITO configurations are selected for further analysis. Therein, 
LDOS, dispersion relation, and energy density calculation results are presented and 







5.2 Problem Description 
A semiinfinite bulk material, emitting into vacuum, is considered. The vacuum-
bulk (Medium 0-Medium 1) interface is smooth (see Figure 5.1). The interface is 
assumed azimuthally symmetric along the  direction and infinite along the  direction 
in a cylindrical coordinate system, driving the results to be solely dependent on the z 
direction. The emitter (Medium 1) is at temperature T1 and is in thermodynamic 
equilibrium. A spatially local and angular frequency () dependent relative electric 
permittivity 1 (= ’1 + i”1) describes the electromagnetic properties of the nonmagnetic 
(relative permeability of unity) emitter, which are assumed homogeneous and isotropic. 
From this point forward, the term “relative” will be omitted when referring to 
permittivity for convenience. Note that the imaginary component of the permittivity ”1 





represents the electromagnetic losses of the material. 
The energy density is a characterization of the thermal near field generated by 
the emitter at a distance  into the vacuum, as shown in Figure 5.1. Using fluctuational 
electrodynamics, Joulain et al. [52] derived the spectral energy density for nonmagnetic 
media with arbitrary permittivity: 
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,  (5.1) 
where kv is the vacuum wavevector, k is the parallel component of the wavevector, kzi is 





respectively, the Medium 0-1 interface Fresnel reflection coefficients in transverse 
magnetic (TM) and transverse electric (TE) polarization. The spectral energy density 
may also be expressed as: u(,T1) = N()(,T1), where N() is the spectral LDOS 
and (,T1) is the mean energy of a Plank oscillator in thermal equilibrium. 
Contributions to the LDOS from reflections by the 0-1 interface and from free space are 
neglected in this analysis. LDOS contributions from the emitting medium only are 
considered since the primary purpose of this work is to quantify the harvestable energy 
yield from the bulk. Inasmuch as the LDOS characterizes the energy that may be 
gathered from the emitting bulk, the energy density quantifies the thermally activated 
energy as a function of the bulk temperature T1. 
The emitter, Medium 1, is ITO and is electromagnetically characterized by the 














1  (5.2) 









2   (5.3) 
where ne is the electronic doping level, e the elementary charge (1.60×10−
19 C),  the 
free charge effective mass (defined by ∞= 1.4m for this analysis [43]) with m being 
the free electron mass (9.11×10−31 kg), and v the absolute permittivity of free space 
(8.85×10−12 AsV−1m−1). 
Provided the definition of the free charge effective mass from above, the three 
remaining properties defining a specific ITO configuration, i.e., infinite permittivity ∞, 
damping coefficient , electronic doping level ne, were selected as variables for the 
sensitivity analysis described herein. Note that the damping coefficient is directly related 
to the electromagnetic losses in the material. 
As described in Section 5.1, a thorough review of the state of the art of ITO 
electromagnetic models was conducted to explore credible values for three 
electromagnetic ITO properties. Reported plasma frequencies range between 0.22 and 
2.19 eV (corresponding with, according to Equation (5.3), ne between 2.0×10
20 and 
9.0×1020 cm−3), damping coefficients 0.07 and 0.20 eV, and infinite permittivities 2.8 
and 4.0. In this sensitivity analysis, these three electromagnetic properties of ITO are 
varied over the corresponding ranges. 
Dispersion relation analyses are also conducted to understand the physics of a 





losses in the emitting medium was detailed in Chapter 2 [53]. Therein, it is stated that, 
for SPs to exist in TM polarization, the following must be true: 
1. n’1n”1 must be near zero, 
2. ”1 must be near zero, 
























kk v  (5.4) 
4. and, for emitting into vacuum, 




1  nn  (5.5a) 
or 




1  nn  (5.5b) 
where ni (= n’i + in”i = i½) is the refractive index of medium i and 0 (= 1) is the vacuum 
permittivity.  
Resonance of SPs occurs when |dk/d| → ∞ and is the most significant 
contributor to near-field energy exchange. According to Equations (5.4) and (5.5), TM 
polarized SP resonance takes place when ’1 = −1; however, conditions 1 and 2 must also 
be satisfied. For a nonmagnetic medium, ”i = 2n’in”i, therefore condition 2 implies 
condition 1. 
5.3 Results 
5.3.1 Sensitivity analysis 
Numerous fabrication techniques have resulted in varieties of ITO exhibiting an 





coefficient, plasma frequency, and electronic doping level, as described in Section 5.1. 
Since it depends on such properties, the near-field thermal radiative capability of ITO 
can be engineered by specifying the fabrication technique. The purpose of this effort is 
to determine the tunability of the ITO SPP resonance. Therefore, an analysis is 
performed on the sensitivity of the infinite permittivity, plasma frequency, and electronic 
doping level, which are directly affected by the ITO fabrication technique, on the 
resonance. 
A 23 factorial analysis, a type of design of experiments analysis, is performed to 
determine the predicted spectral location of SPP resonance at each combination of the 
electromagnetic property maxima and minima listed in Section 5.2. The results are used 
to determine the main effect of each property on the resonance. The main effect of a 
given electromagnetic property is, in this case, the average change in resonance over all 
combinations of the other two property maxima and minima at which the given changes 
from minimum to maximum [37,54]. For example, the main effect of infinite 
permittivity on resonance is the average change in resonance accompanying a change in 
infinite permittivity from 2.8 (minimum) to 4.0 (maximum) over four distinct cases: (i) 
ħ = 0.07 eV (minimum) and ne = 2.0×1020 cm−3 (minimum); (ii) ħ = 0.07 eV 
(minimum) and ne = 9.0×10
20 cm−3 (maximum); (iii) ħ = 0.20 eV (maximum) and ne = 
2.0×1020 cm−3 (minimum); and (iv) ħ = 0.20 eV (maximum) and ne = 9.0×1020 cm−3 
(maximum). 
Main effects for resonance are shown in Table 5.2. The larger the main effect, 
the more sensitive the spectral location of the SPP resonance is to the corresponding 





frequency decreases with an increase in the corresponding electromagnetic property. 
According to Table 5.2, the resonance is most sensitive to the doping level, which 
exhibits an absolute main effect (0.53 eV) nearly an order of magnitude greater than that 
of the infinite permittivity (−0.10 eV) and even more so than that of the damping 
coefficient (−0.03 eV). Due to the significant difference between the two largest main 
effects, further analyses described herein include the assumption that the doping level is 
the sole ITO electromagnetic property driving the spectral location of the resonance. 
5.3.2 LDOS analysis 
The LDOS near an ITO bulk is calculated for two different electronic doping 
levels (4.5×1020 and 1.1×1020 cm−3) according to Equations (5.1) and (5.2). These 
doping levels are selected to explore the effect they have not only on the spectral 
location of resonance but also on the strength thereof. Dispersion relation analyses are 
also performed for each doping level, according to the conditions described in Section 
5.2 for the existence of SPPs. The SPP dispersion relations are then overlaid with 
contour plots of wavevector-resolved spectral LDOS N(k). 
To maximize the possibility of SPP resonance in both ITO types, the damping 
coefficient is maintained at 0.07 eV, which is the smallest value found to date in the 
literature [45]. Hamburg states that an infinite permittivity of 3.8 is appropriate for most 
Electromagnetic property Main effect (eV) 
Damping coefficient ħ −0.03 
Infinite permittivity ∞ −0.10 
Electronic doping level ne 0.53 
 





configurations of ITO [43]. 
5.3.2.1 ITO Type 1 (ne = 4.5×10
20 cm−3) 
The wavevector-resolved spectral LDOS (at  = 10 nm) and SPP dispersion 
relation for ITO Type 1 are displayed in Figure 5.2. The vacuum and ITO light lines are 
included in the chart to discern between the LDOS resulting from different wave modes 
at the vacuum-ITO interface. For bandwidths over which the vacuum light line is located 
to the left of the ITO light line, waves identified to the left of the vacuum light line are 
propagating on both sides of the interface. Between the two light lines, waves are 
propagating on the ITO side and evanescent on the vacuum, a phenomenon termed total 
internal reflection. To the right of the ITO light line, waves are evanescent on both sides 
of the interface, making it a candidate bandwidth for the existence of SPPs. For the 
remaining bandwidths, over which the vacuum light line is located to the right of the 






ITO light line, total internal reflection cannot occur. The spectral LDOS (integrated over 
all tangential wavevectors) for ITO Type 1 with variable damping coefficients is shown 
in Figure 5.3.  
The SPP dispersion relation analyses described herein account for losses in the 
emitting medium. Since an infinite wavevector is impossible in a real, i.e., lossy, 
medium, the apparently horizontal asymptotes displayed in the figures are prefixed with 
the term “quasi.” 
A horizontal quasiasymptote is shown in Figure 5.2 at 0.65 eV where a high 
LDOS is aligned, making it a candidate resonance in the NIR. The imaginary part of the 
Figure 5.3. ITO Type 1 spectral LDOS (integrated over all tangential wavevectors). The 
red curve indicates the distribution of ITO Type 1 (ħ = 0.08 eV); the others for 
increasing values of ħ. The scribe marks align with the predicted resonances for each 
of the respective ħvalues. Percent differences between the predicted resonances and 





permittivity for this ITO type is 0.52, which, intuitively, is not “near zero” as required 
for SPP resonance (see Section 5.2), over the bandwidth where the candidate resonance 
is located. 
As stated in Section 5.2, resonance only occurs when the loss terms are “near 
zero” – a rather vague statement. Before ascertaining whether the loss terms of a given 
emitting material are sufficiently small to result in a “significant” resonance, a definition 
of “significant” must first be established. Each spectral LDOS distribution in Figure 5.3 
is scribed at the energy where the candidate resonance is predicted, i.e., where ′ = −1 
(Eqs. (5.4) and (5.5)). As the damping coefficient increases, the spectral LDOS 
maximum both decreases and diverges from the predicted resonance, indicating that the 
resonance strength, or significance, is directly related to how close the spectral LDOS 
maximum is to the predicted resonance for ITO. Therefore, a proposed definition of 
“significant” SPP resonance: the difference between the predicted SPP resonance and 
the LDOS local maximum must be no greater than 1%. One percent is selected 
arbitrarily as a small deviation since a justifiable value cannot be selected until devices 
have been fabricated and tested to indicate how much electromagnetic loss results in 
insignificant SPP resonance, i.e., values predicted by the dispersion relation analysis to 
be candidate resonances that do not result in large amounts of energy exchange or 
LDOS. 
Using the above proposed definition for significant SPP resonance, and 
according to the results shown in Figure 5.3, the maximum allowable ″ value is 
between 0.52 and 1.12 for a significant resonance to occur. Since its baseline damping 





resonance and LDOS local maximum of 0.03% (<1%), ITO Type 1 is deemed as 
exhibiting a significant SPP resonance in the NIR. The weak dependence – described in 
Section 5.2 – of the predicted resonance on damping coefficient is also clear in Figure 
5.3. 
To further explore the practicality of ITO Type 1 as a radiating material for 
nano-TPV devices, an examination of the temperature dependence on thermal activation 
of the SPP resonances is found in Figure 5.4, where the energy density (Eq. (5.1)) at  = 
10 nm is shown for ITO Type 1 at T1 = 1200, 1300, and 1400 K. At 1200 K, the SPP 
resonance at 0.65 eV is not significantly activated and the peak energy density is located 
at the edge of the displayed spectral band, 0.0 eV. With a temperature increase to 1300 
K, the energy density local maximum at 0.65 eV is nearly equivalent to that at 0.0 eV, 





indicating that the SPP resonance is nearly dominating the spectral band. At 1400 K, the 
SPP resonance completely dominates the spectral band in terms of energy density. In 
addition, since absorption by the lattice and free carriers below the bandgap of a TPV 
cell is negligible [19], the energy density peak near 0.0 eV would translate into virtually 
zero near-field energy flux. Therefore, a low-energy SPP resonance such as this will 
markedly affect nano-TPV power generation, allowing for relatively low-temperature, 
nearly monochromatic energy transfer. 
5.3.2.2 ITO Type 2 (ne = 1.2×10
20 cm−3) 
Figure 5.5 depicts the wavevector-resolved spectral LDOS (at  = 10 nm) and 
SPP dispersion relation for ITO Type 2. The SPP dispersion relation exhibits a 
horizontal quasiasymptote at 0.33 eV, where significant LDOS is also located, giving it 






the potential to be an SPP resonance. The spectral LDOS for ITO Type 2 is shown in 
Figure 5.6, along with the distribution for an additional loss coefficient, 0.15 eV. The 
predicted resonance energy (0.33 eV) differs from that of the LDOS local maximum 
(0.34 eV) by 1.9%. Also indicated in Figure 5.6 is ″ for both configurations of ITO 
Type 2. At the spectral location of the candidate resonance, ″ is 1.70, greater than that 
of ITO Type 1 and greater than what is suggested as being the maximum allowable ″ 
for significant SPP resonance (between 0.52 and 1.12). Therefore, ITO Type 2 is 
Figure 5.6. ITO Type 2 spectral LDOS (integrated over all tangential wavevectors). The 
black curve indicates the distribution of ITO Type 2 (ħ = 0.07 eV); the other for ħ = 
0.15 eV. The scribe marks align with the predicted resonances for each of the respective 
ħvalues. Percent differences between the predicted resonances and LDOS maxima are 





deemed as not exhibiting a significant SPP resonance in the NIR. 
5.4 Conclusions 
The tailorability of the near-field thermal radiative properties of ITO is 
quantified. A sensitivity analysis is performed to measure the effect of fabrication 
process sensitive electromagnetic properties – plasma frequency, damping coefficient, 
and infinite permittivity – on the spectral locations of SPP resonances. The sensitivity 
analysis demonstrates that the electronic doping level has the most significant effect on 
resonance frequencies by nearly an order of magnitude. 
Based on the results of the sensitivity analysis, two ITO configurations are 
selected to examine the corresponding near-field physics. To confirm resonance 
conditions, LDOS and SPP dispersion relation analyses are performed on these ITO 
configurations. A definition is established for “significant” SPP resonance and a 
significant NIR resonance frequency is found with ITO Type 1 (where ne = 4.5×10
20 
cm−3) at ħp = 0.65 eV. ITO Type 2 (where ne = 1.2×1020 cm−3) exhibits an insignificant 
resonance at ħp = 0.34 eV. The demonstrated ITO Type 1 NIR SPP resonance at 0.65 
eV dominates the energy density spectral distribution at 1400 K. 
The results presented herein show that the near-field radiative properties of ITO 
may be engineered by specifying the fabrication process. According to the Drude model, 
process sensitive electromagnetic properties, such as plasma frequency, damping 
coefficient, and infinite permittivity, drive the ITO radiative properties. Since these 
fabrication processes, and the corresponding electromagnetic properties, have previously 
been demonstrated, NIR monochromatic energy transfer is available at temperatures as 
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The following were the objectives for this dissertation: 
1. Dielectric Mie resonance-based (DMRB) metamaterials are theoretically 
analyzed. They exhibit surface polariton (SP) resonance in the near infrared (NIR), 
making them viable candidates as an emission source for nanoscale gap 
thermophotovoltaic (nano-TPV) devices. 
2. Three-dimensional DMRB metamaterial specimens are fabricated and 
characterized. Spectral transmission characterization results do not agree with 
predictions. Geometric characterization suggests that the nanoparticles are not 
sufficiently dispersed. 
3. A second class of material, indium tin oxide (ITO), is explored 
theoretically as another candidate emission source for nano-TPV devices, also exhibiting 
SP resonance in the NIR. Therefore, ITO is another good candidate for an emission 
source in nano-TPV devices. 
6.1 Exploration of DMRB Metamaterials as Candidate 
Emission Sources in Nano-TPV Power Generation  
6.1.1 Summary 
To date, heat transfer analyses have been employed for assessing the potential of a 
material for use as an emission source in nano-TPV devices [1–5]. However, heat transfer 





The local density of electromagnetic states (LDOS) represents the potential harvestable 
energy from a surface [6–10], independent of the receiving material, and a spectral 
analysis thereof may reveal whether transverse electric and/or transverse magnetic SPs 
can be supported. In Chapter 2, LDOS was quantified for a silicon carbide (SiC) DMRB 
metamaterial. The metamaterial consisted of 2-m SiC spheres within a potassium 
bromide host medium, where the spheres were spaced such that the volume filling 
fraction was 0.4. Clausius-Mossotti mixing relations, in concert with Mie scattering 
coefficients, were employed to model the effective medium properties of this 
metamaterial, effectively transforming this composite matrix into a uniform, 
homogeneous medium. 
 A spectral LDOS analysis revealed that the SiC metamaterial could sustain SPs in 
both transverse electric and transverse magnetic polarization. However, the predicted 
resonance of these SPs occurred outside the NIR bandwidth at vacuum wavelengths of 
11.1 and 13.2 m, eliminating the SiC DMRB metamaterial as a candidate for use in 
nano-TPV devices. 
 In Chapter 3, LDOS analyses, similar to those discussed in Chapter 2, were 
conducted on another DMRB metamaterial. Therein, metamaterials consisting of silicon 
(Si) spheres within a dielectric host medium were explored. A sensitivity analysis was 
performed to quantify the effect of three metamaterial configuration parameters – host 
permittivity, volume filling fraction, and particle radius – on the predicted effective SP 
resonances (for both transverse magnetic and transverse electric polarizations). 
 The analysis showed that Si DMRB metamaterials are expected to exhibit SP 





nano-TPV devices. It was shown that, of the three parameters explored, particle radius 
had the greatest effect on SP resonance frequencies, an indication of the tunability of the 
electric response of DMRB metamaterials. And finally, it was concluded that the 
effective medium theory employed in Chapters 2 and 3 is questionable for DMRB 
metamaterial near-field calculations since the distance from the emitting bulk at which 
the LDOS was calculated is on the same order as the general dimensions of the repeating 
unit structures within the metamaterials [11–13]. 
6.1.2 Recommendations 
As described above, the Clausius-Mossotti mixing relations, in concert with the 
Mie scattering coefficients, were employed as an effective medium theory for DMRB 
metamaterial predictions. It was also mentioned that the effective medium theory is 
nonideal for these predictions since the distance from the emitting bulk at which the 
LDOS was calculated is similar to the dimensions of the meta-atoms within the 
metamaterials. However, it is certain that a resonance must occur in these metamaterials, 
in the least, due to Mie scattering. Therefore, it is proposed that further analyses be 
pursued, similar to those described in Chapters 2 and 3, in which near-field thermal 
emission is directly calculated without using effective medium theory such as References 
11 and 14. 
 To more firmly validate the effective medium results discussed above, it is 
imperative that DMRB metamaterials be fabricated and characterized, which is the topic 





6.2 Fabrication of 3D Macroscale DMRB Metamaterials 
6.2.1 Summary 
Researchers have successfully fabricated and characterized DMRB metamaterials 
in a number of planar configurations [15–18], in which metamaterial constituent 
dimensions in only two principle directions are of the same order of magnitude. 
Wheeler et al. [19] were the first to fabricate a 3D macroscale DMRB 
metamaterial. They successfully fabricated and characterized metamaterials consisting of 
SiC particles in a potassium bromide host medium. Wheeler et al. characterized the 
diffuse reflectance of their specimens with a Fourier transform (FTIR) spectrometer, 
showing good agreement with predicted dipole resonance frequencies. However, a 
limited number of material types are compatible with the fabrication process they 
followed. 
 In Chapter 4, the evolution of a 3D macroscale DMRB metamaterial fabrication 
process was described. Particles of various shapes, sizes, and material were hand mixed 
with various two part epoxies. Metamaterial configurations – combinations of particle 
size, material, and spacing and host material – were preselected according to Equation 
(2.10) from such that measureable reductions in NIR transmission were predicted. 
Transmission measurements obtained with a spectrophotometer disagreed with predicted 
values, suggesting that the specimens were inadequately prepared. Another series of 
specimens were fabricated, consisting of silicon particles in a two-part epoxy, cured in 
plastic molds for smoother surfaces and with an added sonication step to mitigate particle 
agglomeration. Spectrophotometer transmission measurements were still contradictory to 
predictions. For further validation of the spectrophotometer results, NIR transmission 





those of the spectrophotometer, showing little agreement with the predicted spectra. It 
was hypothesized that the particles were not being sufficiently dispersed. 
 Focusing on the particle dispersion, fish oil [20] and methanol were added as 
surfactants to silicon particle mixtures. Scanning electron microscopy revealed that 
neither the particle dispersion nor the particle spacing were sufficient to mimic the 
preselected metamaterial configurations mentioned above. 
6.2.2 Recommendations 
It is proposed that a trade analysis be conducted to ascertain whether dispersing 
particles in a host medium, which is conducive of metamaterial configurations predicted 
to exhibit SP resonance in the NIR, is practical: 
1. A thorough literature review of the chemistry related to particle dispersion should 
be conducted. The mechanics of particle dispersion should be deeply understood. 
2.  A comprehensive list of nanoparticles should be formed – both commercially 
available and manufacturable – that will support NIR Mie resonance and that may 
be successfully dispersed in adequate host media. 
3. A comprehensive list of adequate host media in which nanoparticles from 2 may 
be dispersed and that exhibit the electric permittivities that will help facilitate NIR 
SP resonance from the resulting metamaterial. 
4. Using results from 1–3, it should be determined whether the metamaterial 
fabrication approach outlined in Chapter 4 is practical. 
If it is determined that fabricating DMRB metamaterials in this manner is practical, it 
is proposed that specimens be manufactured and characterized, both geometrically and 





Chapters 2 and 3. 
6.3 Exploration of ITO as Candidate Emission Source in  
Nano-TPV Power Generation  
6.3.1 Summary 
In the wake of unsuccessfully fabricating and characterizing a DMRB 
metamaterial, Chapter 5 explored the potential of indium tin oxide as a candidate 
emission source for nano-TPV devices [21]. Analyses similar to those conducted in 
Chapters 2 and 3 were detailed, with the primary difference being the material model. 
Instead of Clausius-Mossotti mixing relations and Mie coefficients to determine effective 
permittivity and permeability, empirically determined correlations between 
manufacturing process driven parameters, e.g., damping coefficient, infinite permittivity, 
and electronic doping level, and the electromagnetic response of ITO were employed 
[22–26]. A sensitivity analysis was performed, similar to that described in Chapter 3, 
indicating that the electronic doping level has the greatest effect on SP resonance 
frequencies in ITO. SP resonance frequencies were predicted to occur within the NIR. 
6.3.2 DMRB metamaterials vs. ITO 
 From Chapter 3, silicon DMRB metamaterials were predicted to exhibit SP 
resonance between 1.1 and 1.7 m, while – from Chapter 5 – ITO did so between 1.9 and 
3.6 m, both ranges being within the NIR bandwidth. Energy density analyses showed 
that the resonances within the DMRB metamaterial can be thermally activated at 
temperatures as low as 800 K, with those within ITO as low as 1400 K, making the 
DMRB metamaterial more accessible as a nano-TPV system emission source. In spite of 





medium theory and the inconclusive experimental results (Chapter 4) reduce confidence 
in conclusions made regarding the DMRB metamaterials. 
6.3.3 Recommendations 
It is proposed that ITO specimens be fabricated with the parameters described 
above, which resulted in predicted SP resonance occurring within the NIR spectral band. 
Then, to validate predictions reported in Chapter 5, specimens could be characterized by 
measuring the near-field heat flux using the method described by Bernardi [21]. 
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